All extant organisms are thought to be classified into three primary kingdoms, eubacteria, eukaryotes, and archaebacteria. The molecular evolutionary studies on the origin and evolution of archaebacteria to date have been carried out by inferring a molecular phylogenetic tree of the primary kingdoms based on comparison of a single molecule from a variety of extant species. From such comparison, it was not possible to derive the exact evolutionary relationship among the primary kingdoms, because the root of the tree could not be determined uniquely. To overcome this difficulty, we compared a pair of duplicated genes, elongation factors Tu and G, and the a and f3 subunits of ATPase, which are thought to have diverged by gene duplication before divergence of the primary kingdoms. Using each protein pair, we inferred a composite phylogenetic tree with two clusters corresponding to different proteins, from which the evolutionary relationship of the primary kingdoms is determined uniquely. The inferred composite trees reveal that archaebacteria are more closely related to eukaryotes than to eubacteria for all the cases. By bootstrap resamplings, this relationship is reproduced with probabilities of 0.96, 0.79, 1.0, and 1.0 for elongation factors Tu and G and for ATPase subunits a and ., respectively. There are also several lines of evidence for the close sequence similarity between archaebacteria and eukaryotes. Thus we propose that this tree topology represents the general evolutionary relationship among the three primary kingdoms.
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Based on comparison of the small rRNAs, Woese and colleagues (1) (2) (3) proposed that there are two fundamentally different groups of bacteria, eubacteria and archaebacteria, and that, with eukaryotes, they constitute the three primary kingdoms of life. Although the existence of the archaebacterial urkingdom is accepted by many biologists, the classification is still a matter of controversy: Lake and colleagues (4, 5) argued that archaebacteria are paraphyletic; sulfobacteria (eocytes) are more closely related to eukaryotes than to other archaebacteria, whereas halobacteria are more closely related to eubacteria than to other archaebacteria. Phylogenetic trees based on the small and large rRNAs (2, 3, 6) , 5S rRNA (7) , and the RNA polymerases (8) , however, support the monophyletic view of the archaebacteria originally proposed by Woese and colleagues (1) (2) (3) .
The evolutionary relationship of the three primary kingdoms is another crucial problem that remains unanswered.
There are several reports that, in some RNA and protein species, archaebacteria are much more similar in sequence to eukaryotes than to eubacteria. These include 5S rRNA (7, 9, 10) , elongation factors Tu (11) and G (12) (EF-Tu and EF-G), large subunit of DNA-dependent RNA polymerase (8, 13) , and several ribosomal proteins (14, 15) . The a and /3 subunits of Sulfolobus ATPase (16, 17) also bear closer resemblance in sequence to eukaryotic counterparts than to eubacterial ones. However, a close similarity in sequence does not necessarily mean a close relatedness in phylogeny, unless similar rates of evolution for different lineages can be postulated. There is no a priori reason to believe that the three primary kingdoms have evolved with similar rates. A phylogenetic tree inferred from a comparison of a single RNA or protein species from a variety of organisms of the primary kingdoms is generally unrooted, because one cannot determine the root, the universal ancestor from which all extant life ultimately diverged. This difficulty, however, could be overcome by inferring a composite phylogenetic tree from a comparison of a pair of duplicated genes that exist in all extant life. It is reasonable to consider that this gene duplication occurred prior to the divergence of the primary kingdoms and thus the root of the inferred composite tree could be unambiguously set at a point where the two genes diverged by gene duplication. The universal ancestor and the evolutionary relationship of the three primary kingdoms are subsequently determined from the composite phylogenetic tree. Pairs of genes for EF-Tu and EF-G and for the a and 8 subunits of Fl-ATPase, Fl-a and F1-,3, are examples of such duplicated genes. Each pair shows extensive sequence similarity for species of the three primary kingdoms.
On the basis of the composite trees for EF-Tu and EF-G and for F1-a and F1-P, we report that archaebacteria are phylogenetically more closely related to eukaryotes than to eubacteria. Judging from the strong sequence similarities between archaebacteria and eukaryotes found in 5S rRNA, RNA polymerases, and ribosomal proteins, the phylogenetic relationship presented here would represent the general evolutionary relationship among the three primary kingdoms.
METHODS
Phylogenetic Tree. Alignment of amino acid sequences was carried out as described (18) . The number of amino acid substitutions per site or evolutionary distance between sequences of extant species was measured by calculating the proportion of amino acid difference, K, between the sequences compared and by correcting K for multiple substitutions by using k = -ln(1 -K) (19) ; positions where gaps are present in any one of the aligned sequences were excluded from the analysis. Based on the evolutionary distance matrix, a phylogenetic tree was inferred by the neighborjoining method (20) .
Reliability of the Tree. To obtain the reliability of the inferred phylogenetic tree, the bootstrap method (21) was applied. The bootstrap resamplings were repeated 1000 times, and for each of the resamplings a tree was inferred by the neighbor-joining method. The bootstrap probability that a particular tree topology occurs during the resamplings was evaluated.
Abbreviations: EF-Tu and EF-G, elongation factors Tu and G, respectively; LDH, lactate dehydrogenase; MDH, malate dehydrogenase.
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RESULTS
Composite Phylogenetic Tree of EF-Tu and EF-G. The amino acid sequences of EF-Tu and EF-G from an archaebacterium were aligned with those of eubacterial homologs and eukaryotic homologs (EF-la and EF-2) for highly conserved regions (regions A-E), covering a total of 120 amino acids, where an unambiguous alignment is possible without introducing many gaps (Fig. la) . On the basis of the alignment, the distance matrix was calculated and the composite phylogenetic tree of the EF-Tu(la)/EF-G(2) pair was inferred by the neighbor-joining method. It is evident that EF-Tu(la) and EF-G(2) diverged by gene duplication; they have extensive sequence similarity and these genes are present in close proximity to each other on archaebacterial and eubacterial genomes (12, (25) (26) (27) . It is reasonable to assume that this gene duplication occurred before divergence among the primary kingdoms, because the two genes exist in all the urkingdoms. This is consistent with the inferred composite tree, in which there exist two major clusters corresponding to the respective two genes. Thus the deepest root of the composite tree could unambiguously be placed at a point between the two major clusters. Fig. 2 shows the composite tree of the EF-Tu and EF-G pair. This tree is composed of two universal trees for the different proteins Methanococcus vannielii, an archaebacterium, is more closely related to eukaryotes than to eubacteria for both the proteins. This result indicates that close sequence similarities between M. vannieli and eukaryotes for EF-Tu (11) and EF-G (12) represent their close evolutionary relatedness.
F1-a
Because distantly related sequences were compared, only limited amino acid positions are able to align. Thus it remains possible that the inferred tree of Fig. 2 is an artifact that was realized by chance. To disclose this, the bootstrap resamplings were carried out. The evolutionary relationship among the primary kingdoms shown in Fig. 2 is statistically significant; the bootstrap probabilities of occurrence of the tree topology that archaebacteria and eukaryotes share a cluster with eubacteria as an outgroup are 0.96 for EF-Tu and 0.79 for EF-G. The probabilities of alternative tree topologies are very small (see Fig. 4 ).
Composite Phylogenetic Tree of the a and .8 Subunits of ATPase. A similar analysis was performed for a and ( subunits of ATPase, which apparently diverged by gene duplication before separation of the primary kingdoms. Fig. 3 shows the composite phylogenetic tree inferred from the alignment of Fig.  3 . It is evident that, for both the subunits, Sulfolobus is shown to be more closely related to eukaryotes than to eubacteria. The bootstrap resamplings did not realize any alternative tree topology (see Fig. 4 ).
The initiator and elongator methionine tRNAs probably diverged by gene duplication before divergence of the three primary kingdoms, because both RNAs exist in all the primary kingdoms. A similar analysis reproduced essentially the same tree topology as those of the above two cases (data Fig. 3; i.e., the archaebacterial a and /8 subunits are clustered with the eubacterial /3 and a subunits, respectively. The bootstrap resampling revealed that this tree topology is highly likely with the bootstrap probability of0.74 (Fig. 5) , suggesting that so-called Sulfolobus ATPase a subunit (/3 subunit) is the archaebacterial homolog of the eubacterial Fl-ATPase subunit (a subunit), from an evolutionary viewpoint.
DISCUSSION
Simultaneous comparisons of EF-Tu and EF-G from archaebacteria, eubacteria, and eukaryotes and also of a and /8 subunits of ATPase from the three primary kingdoms have shown that archaebacteria are phylogenetically more closely related to eukaryotes than to eubacteria. In these proteins the close similarity in sequence positively correlates with the close relatedness in phylogeny. Also 5S rRNA, RNA polymerases, and several ribosomal proteins from archaebacteria show sequence similarities to eukaryotes much more strongly than to eubacteria. Therefore, the phylogenetic relationship among the primary kingdoms presented here would be generally correct and would not be restricted only to the cases specific for the four protein species.
Based on the strong sequence similarity of 5S RNA, Hori and Osawa (7, 9, 10) proposed that archaebacteria (metabacteria) and eukaryotes are sister urkingdoms. Cavalier-Smith (28) also proposed a similar hypothesis on the basis of the similarities between them at the molecular and cellular levels. (29) . It is highly likely that both genes diverged by gene duplication prior to the divergence of the three primary kingdoms. Fig. 6 shows the composite phylogenetic tree inferred from a simultaneous comparison of MDH and LDH sequences. Unfortunately no archaebacterial sequence is available at present.
The phylogenetic position of Thermus flavus, a eubacterium, is surprising (Fig. 6) . The MDH sequence of T. flavus is much more similar to that of a eukaryote than those of eubacteria (30) There are other proteins that are expected to have diverged by gene duplication before the separation ofthe three primary kingdoms. Initiation factor 2 (31) and LepA protein (the signal peptidase I) (32) show sequence similarities to each other as well as with elongation factors. Valyl-tRNA synthetase and isoleucyl-tRNA synthetase also show an extensive sequence similarity (33) .
Finally, two examples that appear to contradict to our conclusion will be discussed. The sequence similarity of both the small and large rRNAs appears to be higher between archaebacteria and eubacteria than between archaebacteria and eukaryotes (1) (2) (3) 6 ). In the light of our evolutionary tree, it is possible that mutational changes have accumulated more rapidly in the eukaryotic rRNAs than in the archaebacterial and eubacterial rRNAs shortly after the separation of archaebacteria and eukaryotes.
The strong sequence divergence of glyceraldehyde- rium Methanothermus fervidus may be a matter of much debate. The similarity between the archaebacterial GAPDH and eubacterial or eukaryotic counterpart is much less than that between the latter two (34) . A plausible explanation, which reconciles with our phylogenetic tree, may be that a gene duplication event occurred in GAPDH locus before the separation of the three urkingdoms and one of the duplicates functions only in archaebacteria and the remaining functions in both eubacteria and eukaryotes.
